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ABSTRACT 
Kanban Control Systems (KCS) have become a widely accepted form of inventory and 
production control. The creation of realistic Discrete Events Simulation (DES) models of 
KCS require specification of both information and material flow. There are several 
commercially available simulation packages that are able to model these systems although the 
use of an application specific modelling language provides means for rapid model 
development. A new Kanban specific simulation language as well as a high-speed execution 
engine is verified in this paper through the simulation of a single stage single part type 
production line. A single stage single part KCS is modelled with exhaustive enumeration of 
the decision variables of container sizes and number of Kanbans. Several performance 
measures were used; 95% Confidence Interval (CI) of container Flow Time (FT), mean line 
throughput as well as the Coefficient of Variance (CV) of FT and Cycle Time were used to 
determine the robustness of the control system. 
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1. INTRODUCTION 
Kanban meaning “card” in Japanese is a type of production control system developed as part 
of the Toyota Production System (TPS) and was accepted by Western academic and industrial 
practice in the early 1980’s. The original KCS was described by Monden (1981a,b,c,d) and 
since that time researcher have presented several different alterations of this system 
categorized by Baynat et al (2002). These systems use Kanban to control both the amount of 
Work In Progress (WIP) as well as the amount of inventory at the end of production stages. 
The KCS prescribed, as part of the TPS is a pull system where the consumption of parts is 
used to trigger production or material accusations for preceding production stages of supplies 
respectively. A pure pull system has several advantages that include; regulation of inventory 
at all production stages, self-management of part requirements from the bill of materials and 
reduction of WIP build-up.  These advantages come at the cost of reduced flexibility of the 
production mix as inventory of sub assemblies and raw materials must be maintained at all 
stages of the production system. The limitations of the original Kanban are described by Hall 
(1981), Huang et al (1983) and Finch et al (1986). 
One challenge of using push orientated Material Requirements Planning (MRP) systems is 
that finite capacity of production stages is not often incorporated into the models used. The 
effect is that WIP builds up as work orders are pushed onto production stages at a rate that is 
faster than production. The advantage of this MRP is that only the required amount of parts 
and sub assemblies need to be maintained in the production system. Several of the later 
versions of KCS relaxed the requirements for parts to be maintained between production 
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stages. The CONstant WIP (CONWIP) presented by Spearman et al (1990) is an example of 
such systems and this concept was further extended by the Generic Kanban Control System 
(GKCS) detailed by Chang and Yih (1994) while the Extended Kanban Control System 
(EKCS) attributed to Dallery and Liberopoulos (1995) commonly may use Kanbans that are 
shared between part types and do not have to maintain base stock at all stages. Generic 
Kanban (GK) circulates the production stages and limits the overall WIP by restricting the 
total number of containers on the stage at any point in time. The EKCS also provides methods 
for the demand for parts to reach all production stages at the same time to increase the 
responsiveness of the production system. 
Rapid modelling of these Kanban like production systems requires definition of the 
physical flow of both information and material in the form of Kanban, containers and parts. 
Using DES the complexity of the manufacturing system is not limited by the modelling 
technology used. Aytug and Dogan (1998) identified the need for an application specific 
model generation engine for Kanban systems while Swinehart and Blackstone (1991) also 
provide guidance for modelling such systems using DES. A base simulation engine called A 
Discrete EVent Specification (ADEVS) written by Nutaro (2004) was extended for Kanban 
manufacturing systems. This was an expression of Zeigler’s (1984) work on Discrete EVent 
Specification (DEVS) formalization in C++. A scripting language was developed in eXensible 
Markup Langauge (XML), both XML and DEVS are hierarchic and make a natural pair. 
National Institute of Standards and Technology (NIST) of the US government is working on 
standards to describe processes for the open exchange of process data and models between 
simulation platforms using XML as described by Qiao et al (2003). This was called a “Shop 
Definition File” and this work shows the growing importance of XML and DES. Wang and 
Lu (2002) reported using an XML based expression of DEVS that is translated into source 
code and then compiled to generate a combined simulation engine and model. The approach 
reported in this work is different as the scripting language is high level describing pre-defined 
manufacturing model components that are connected together to create network flow models. 
These networks expressed in XML were interpreted to create models by connecting 
components that were defined within object libraries. Within this framework all internal 
logics are precompiled and the creation of new entities requires alteration of source code. The 
predefined entities that may be used with the model script include; machines, buffers, delays, 
Kanban routers, Kanban dispatch posts, demand generators, and raw material supply. The 
networks detailed in XML include the flow of Kanban, parts and different types of Kanban 
like control systems that may be expressed though the placement of Kanban routing entities 
and predefined dispatch post logics. 
The container size in Kanban systems affects the lot size and the frequency of material 
transfers. Container sizes also has impact on the variance of cycle time and the time between 
material transfers while the combination of the number of Kanbans and the size of the 
containers, control the total size of the Finished Goods Inventory (FGI) and the amount of 
WIP. Considering the central role of container sizes on Kanban systems, many researchers 
have not investigated this interaction instead setting the container size to either a single part 
for KCS or the job size for GKCS. This may be attributed to the added problem dimensions 
incurred when container sizes are included. Two example simulation studies that investigate 
containers sizes are under review. 
 Gupta and Gupta (1989) performed simulation studies using system dynamics models. 
They researched a multi-stage production facility where each stage produced a single part 
type. The effects of reducing WIP through controlling the container sizes were reported using 
simulation traces. They stressed that increasing the size of the containers had negative impact 
on system performance and the number of Kanban and the size of the containers needed to be 
tightly controlled. 
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Figure 1 - Kanban Control System Diagram 
Key to Fig. 1: 
R     The set of part-types. 
 I    The set of stages. 
System Objects 
rP      Part of type  r
i
rK      Kanban of part type on stage i  r
   Product Demand 
i
rD r part specific production cards at stage i   
System Entities 
   Process number iqP q  at stage i  
i
mMB   Machine buffer number on stage i  m
   Part buffer of irPB r part specific production cards at stage i  
 irKB   Kanban buffer of r part specific production cards at stage i  
   Product Demand irDB r part specific production cards at stage i  
Decision Variables 
   Container size of product irCS r part specific production cards at stage   i
   Number ofirNK r -type Kanban cards at stage i  
Berkley (1996) performed a DES study of a serial mixed model production line to provide 
guidance to the size of containers that should be used in Kanban systems. This work showed 
that the effects of container size on WIP, FGI and order waiting times were not easily 
understood. Given constant average demand small container sizes are better suited to frequent 
small orders however as the effects of setup time increases, container size should be larger. 
Smaller container sizes stabilize the product mix with the FGI although this may reduce the 
throughput of the system and decrease customer service. The processing time distributions for 
each part type used were equal as were the demand rates. Berkley provided no clear 
recommendations for container size selection even with the simplistic model highlighting the 
dimensional complexity of these problems.  
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Figure 2– ManDEVS Script Example 
 
2. EXAMPLE SIMULATION MODEL 
A simulation model was created to verify the new Kanban application specific modelling 
language developed and named Manufacturing Discrete Event Specification (ManDEVS). A 
simplistic single stage single part type simulation model was developed for checking the 
engine and is shown in Figure 1 with notation defined in Equation 1. This serial line has 10 
machines as indicated by the circles and 10 first in first out buffers shown as triangles. The 
production stage uses a GKCS as the Kanbans are removed prior to any FGI that may be 
present at the end of the stage. The Kanbans are recycled generating infinite demand while the 
parts buffer at the beginning of the stage also has infinite supply of parts. The term Kanban 
and Generic Kanban (GK) are used interchangeably as there is only a single part type being 
produced on the production stage. The conclusions drawn from the simulation experience are 
intended to be applied to single stage multi-part GKCS where the GK plays a similar role to 
the part specific Kanban in this work. The flow diagram shows a production stage where the 
control system is a two dimensional function of the container size and the number of Kanban. 
The Kanban dispatch post encompasses the part, demand and Kanban buffer at the beginning 
of the stage and as there is only a single part type produced there is no need for dispatch rules 
or scheduling. 
The flow diagram of Figure 1 was modelled using ManDEVS. It does not detail the 
components that were used to create the model that were defined in the model script file.  This 
script is stored in XML though it is less difficult to create and edit models using a graphical 
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editor such as XML Notepad®. A sample of the ManDEVS as interpreted by the editor is 
shown if Figure 2. The objective of the extract is to provide some detail of the syntax of 
ManDEVS. The example code has two components that are of the type KB_Router and 
KB_Dispatch. The components inherit their type from their parent node the first device has 
the user defined name Part_KB_Route_Cell_1 while the second Shed_Post_Cell_1. While 
there is only a single component of each type it is possible to define multiple instances by 
adding a new branch to the device type node and supplying a new user name. The 
Part_KB_Route_Cell_1 represents the fork at the end of the production stage as in Figure 1 
while the KB_Dispatch is the Kanban buffer and joining device at the beginning of the stage. 
Components have attributes that control predefined logics. Part_KB_Route_Cell_1 will fork 
only part specific Kanban as the attribute KB_Route_Type is set to be Part Specific. The flow 
of information and parts is controlled by the definition of ports that control routing. The 
component routes two types of objects, parts and Kanban as indicated by the sub branches 
under Port. Starting with the Port and the sub branch Part_1 has the attributes 
Job_Gen_Part_1 and 11, this section defines that all parts of type Part_1 and process number 
11 are routed to Job_Gen_Part_1. The logic is similar for all of the ports although the object 
types and the attributed that control the routing of objects change. 
3. EXPERIMENTAL RESULTS 
Experiments were performed on an Alphaserver SC system 64-bit processor computer 
running True 64-bit. The processing times on the machines were balanced so the each 
machine produced 100 parts per day when machines utilization was set to 80%. This 
utilization included breakdowns on the machines where the time to failure, the mean time to 
repair and the part processing times were sampled from exponential distributions. This 
reported instance had no bottleneck machine and the profile of the breakdown and processing 
times were identical on all the machines. This problem had larger than normal amounts of 
system variance as all process distributions were exponential while the actual process 
definitions were omitted for brevity. 
The test problems were simulated for two years of production, five shifts per week with 
480 minutes of operating time per shift.  A simulation warm-up period of 50,000 minutes or 
140 shifts of production was sufficient to ensure accurate simulation data measurements of 
flow-time. The preliminary experiments indicated the warm-up period had little effect on the 
cycle time and was primarily required for flow time measurements. Run durations of two 
years were found to be sufficient for accurate statistical inference for these experiments. 
The effect of the number of GK and the container size was studied with 676 separate 
simulation runs performed to exhaustively cover a wide range of operating policy. Starting 
with one Kanban and a container size of one, the numbers of Kanban and containers sizes 
were incremented by 4 to 101. This resulted in 26x26 separate control policies that were 
simulated. The number of decision variables for the control system was two enabling the 
generation of three-dimensional plots where the third dimension was the system response. 
There were four key performance measures for the set of control policies applied to the 
production stage. This included a custom 95% Flow Time (FT) confidence interval, CV of FT 
for the same sample, the mean number of parts produced per day and lastly the CV for the 
Cycle Time (CT). The cycle time is a measure of the time between the production containers 
on the final machines on the production stage and is related to throughput or the mean number 
of parts produced per day. Flow time is the amount of time that it takes for a container cycle 
from the beginning of the production stage to the dispatch post and back again. The 
performance measures were used to generate the multiple response surfaces for the same 
parameter setting yielded from the simulation experiments and are in Figure 3. 
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Figure 3 – Optimal Operating Policy 
An example of an optimal operating policy for a single part is indicated by the marked 
operating points in Figure 3. The results show that WIP can be unevenly distributed between 
the container size and the number of Kanbans for improved system performance. For 
maximum throughput the container size need not be larger than 0.25 times the average 
number of parts produced per day for the ten machine production stage. The most robust 
operating policy shown by the responses had a WIP allocation of 2.73 times the number of 
parts to be produced per day and this was unevenly distributed between the size of the 
container and the number of Kanbans. The policy had 21 Kanbans, a container size of 13 and 
resulted in maximum throughput, minimum FT and CV of FT for the production 
environment. Small container sizes resulted in large CV of flow time and frequent material 
transfer indicating that the containers should be at least 10. The number of Kanbans needs to 
be more than five to maintain throughput. Increasing the number of Kanbans is the most WIP 
effective way of moving towards the higher throughput level with a minimum effect on the 
lead-time.  
This policy is a trade-off between CI of FT, CV of FT, CV of CT, throughput and WIP. It 
is seen as the most robust by producing the minimum variance levels and flow times with 
maximum throughput. The graphs also indicate the number of GK may be increased with few 
negative side effects and is preferable to increasing the container sizes. 
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The simulation modelled was developed to investigate both the underlying formation of 
multiple response surfaces to multiple performance measures as well as to verify the 
simulation engine developed. The verification process was conducted in two stages. Firstly as 
there was no visualization capability simulation trace files were written by each of the devices 
in the models. These were used to check that the objects were flowing through the model in 
the correct sequence. The process durations were extracted from the trace files and were fitted 
to the known distributions from which they were sampled. This verified both the internal 
logics and the random variant generators used by the simulation engine. Secondly the results 
generated by the simulation engine were validated using works of others. Comparing the 
effects of the number of Kanban on throughput, both Hopp and Spearman (1991) and Jordan 
(1988) reported a knee function with increasing WIP level for a single container size. Their 
results were similar to Figure 3.b where a section of the graph was taken with a container size 
of one. Similar to reports by Spearman et al (1990) the mean and variance of flow time or job 
lead time reduced when WIP was reduced. These results indicate that the simulation engine is 
generating consistent results and that it is ready to be applied to more challenging multi-part 
instances using a variety of Kanban control systems. 
4. CONCLUSIONS 
The simulation experiments provided understanding of the underlying problem form that can 
be applied to more complicated multipart experiments. There is a trade-off between the WIP, 
throughput and flow time increasing WIP that results in increased flow time and throughput. 
There is a control system policy where maximum throughput can be achieved without 
adversely effecting the container flow time. This robust operating region was where the CV of 
flow time and CT were at minimum.  
The results found here are contrary to the single part flow recommended by Monden 
(1981a) as single part flow caused high levels of variance of flow time and cycle time. The 
conclusion was smaller containers should used with larger numbers of Kanban for a set level 
of WIP in which the system should be operating. This recommendation needs to be used with 
caution as when the container sizes become too small there is more variance in the flow time 
and the cycle time. The results showed that the container size of one had some undesirable 
properties other than imposing extra administrative effort required to manage large numbers 
of Kanban. This provides motivation for further investigation on container sizes for multipart 
production systems. 
The amount of WIP required is a function of the number of machines on the production 
stage. It is useful to determine decision parameter bounds to provide guidance as well as a 
starting point for control system design. It was determined empirically that solution limited to 
domains with an upper container size and number of GK limited to a level of 25% of the 
average number of parts produced per day for the problem instant. This is seen as sufficient 
for maximum throughput. The container sizes should be no larger than 25% of the number of 
parts produced per day and the number of GK on the stage should be no larger than 5% of the 
day demand of parts per multiplied by the number of machines on the stage. This operating 
region contained the optimal policy for the simulated system. Future work is required to 
determine if these bounds are applicable to multipart production problems especially where 
the systems have large setup durations. 
The amount of WIP required is a function of the number of machines on the production 
stage. It is useful to determine decision parameter bounds to provide guidance as well as a 
starting point for control system design. It was determined empirically that solution limited to 
domains with an upper container size and number of GK limited to a level of 25% of the 
average number of parts produced per day. This is seen as sufficient for maximum 
throughput. The 25% limit is viewed as being problem dependant as reducing the number of 
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machines or processes may also reduce the amount of WIP required within the system 
dividing this percentage by the number of machines yielding 5% per machine. In summery 
the container sizes should be no larger than 25% and the number of GK no more than 2.5% of 
the number of parts produced per day. This operating region contained the optimal policy for 
the simulated system. Future work is required to determine if these bounds are applicable to 
multipart production problems especially where the systems have large setup durations. 
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